Washed-cell preparations of Mycobacterium tuberculosis strain H37Ra and M. smegmatis 607 grown in Sauton's medium demonstrated a lag in glutamate oxidation. Washed-cell preparations of M. fortuitum and M. phlei oxidized glutamate immediately and in a linear fashion. Glutamate was oxidized without a lag by washed cells of M. tuberculosis H37Ra and M. smegnatis 607 harvested from a modified medium containing glutamate. Chloramphenicol inhibited the oxidation of glutamate by washed cells grown in the absence of glutamate. These findings suggested the induction of either an enzyme system for glutamate oxidation or a glutamate transport system. The activity of glutamic dehydrogenase was not significantly greater in extracts prepared from cells grown with glutamate. However, the initial rate of glutamate uptake by induced cells was three to four times higher than in noninduced cells. The induction of the glutamate transport system in M. tuberculosis H37Ra and M. smegmatis 607 was shown to parallel the induction of glutamate oxidation. After a 60-min lag, the inducible glutamate transport system appeared. Chloramphenicol prevented the induction of glutamate uptake, although the antibiotic had no effect on glutamate uptake by previously induced cells. Some of the properties of this glutamate uptake system are described.
The oxidation of carbohydrates, amino acids, and other organic substrates by species of mycobacteria has been studied extensively (5, 11, 12, 14, 15, 18) . In general, these metabolic studies were performed with old bacterial cells which were obtained from surface growth on a variety of media incubated for 3 to 5 weeks. The advantages of using tubercle bacilli in the logarithmic phase of growth for metabolic studies were documented previously from this laboratory (13) . Logarithmic-phase cultures were used by Lyon to study the oxidation of lactate, pyruvate, propionate, glucose, glycerol, glycine, and glutamate by washed-cell suspensions of mycobacteria (Ph.D. Thesis, Univ. of Minnesota, Minneapolis, 1965) . With the exception of glutamate, the compounds studied were oxidized immediately and in a linear fashion. The effect of 23 different amino acids on the respiration of the tubercle bacillus is recorded in the review of Edson (5) .
Of the 23 studied, 10 showed a low Qo2, whereas the others, including glutamic acid, failed to increase the oxygen uptake of washed-cell suspensions over that of the endogenous level. Lyon observed that a time lag preceded glutamate oxidation by washed-cell suspensions of Mycobacterium tuberculosis strain H37Ra and M. smegmatis 607 grown in a medium lacking glutamate (Ph.D. Thesis, 1965) . The studies reported here were designed to examine the nature of this lag, and the results obtained suggested that this lag represents a period of time required for the induction of a glutamate transport system. VOL. 94, 1967 INDUCIBLE GLUTAMATE TRANSPORT IN MYCOBACTERIA ington Biochemical Corp., Freehold, N.J. The source of this enzyme is Escherichia coli (ATCC 11246). Chloramphenicol (Chloromycetin) was supplied by Park Davis & Co., Detroit, Mich. Uniformly 14C-labeled L-glutaniic acid (specific activity, 190 mc/ mmole) was secured from the International Chemical and Nuclear Corp., City of Industry, Calif.
Media and preparation of washed-cell suspensions. The mycobacteria used were cultured routinely in Sauton's liquid medium (17) which contained (in grams per liter): dibasic potassium phosphate, 0.5; MgSO4-7H20, 0.5; citric acid, 2.0; L-asparagine, 4.0; ferric ammonium citrate, 0.05; and glycerol, 28. Tween 80 was added to a final concentration of 0.02%, and the medium was adjusted to pH 7.4 with sodium hydroxide, dispensed in 200-ml amounts into 500-ml Erlenmeyer flasks, and autoclaved at 121 C for 15 min. Induced cells were grown in a modified Sauton's medium prepared by deleting asparagine and adding L-monosodium glutamate (4 g per liter). The inoculum consisted of 5 ml of log-phase cells. Unless stated to the contrary, cultures were harvested during logarithmic growth: M. smegmatis at 12 hr and M. tuberculosis at 3 days. Incubation was carried out in a rotary shaker (140 rev/min) at 37 C. The bacterial cells were harvested at 4 C, washed twice in ice-cold distilled water, and suspended in ice-cold GMP buffer (0.1 M phosphate buffer, pH 6.5, containing 0.5 M glycerol and 2 X 10-3 M MgSO4.7H20) to an optical density (OD) of 1.0 in 18 X 150 mm cuvettes at 420 m, with a Coleman Junior spectrophotometer. The cells were maintained throughout at 4 C.
Oxygen uptake. Oxygen uptake by the washed-cell suspension was measured with the Warburg constantvolume respirometer at 37 C and at a shaking rate of 140 strokes per min. The main compartment of the vessel contained 1.0 ml of GMP buffer, bacterial cell suspension, and distilled water to bring the volume to 2.5 ml. Carbon dioxide was absorbed by 0.15 ml of 20% KOH contained in the center well. The side arm housed 0.5 ml of substrate, which was tipped into the main compartment after temperature equilibration. Readings were made at 5-to 30-min intervals over a period of 2 to 20 hr. Results are expressed in terms of Qo,, i.e., microliters of 02 consumed per milligram of protein per hour. The Lowry method was used to estimate protein concentration (10) . In a few of the early studies, the dry weight of the cells was determined and used in place of cell protein. Unless At zero-time, unlabeled glutamate was added to 2 X 10-M. One flask received chloramphenicol (25 jug/ml). Both flasks were rotated at 37 C. At 0, 20, 40, 60, and 120 min, samples were removed, filtered) and washed three times with ice-cold GMP buffer. The filters were placed in large screw-capped tubes containing GMP buffer and agitated with a Vortex mixer to suspend the cells; then "4C-labeled glutamic acid was added to 2 X 10-6 M (10.6 X 106 counts per min per ,umole) for 2 min in a rotary shaker at 20 C. Samples were removed, filtered, and washed. The cells were counted as described previously.
Amount and distribution of "C-labeled glutamic acid in the amino acid pool. The label in the amino acid pool was determined by incubating a 1-mnl sample of the labeled cell suspension with 1 ml of cold 10% trichloroacetic acid for 15 min. The cells were filtered, washed, and counted as described previously. The pool, with respect to labeled glutamate, was determined by subtracting the counts per minute of the trichloroacetic acid-precipitable protein fraction from the total count of a sample which had not been treated with trichloroacetic acid.
The distribution of label in the amino acid pool was determined by chromatographic analysis of cellular extracts. Samples of the labeled cell suspension were placed in a boiling-water bath for 15 min. Other procedures. The method of Halpern and Umbarger (8) was used to determine L-glutamic dehydrogenase (GDH) activity in cell-free extracts.
Cells were harvested and washed as described previously. After washing, the pellets were suspended in 8 volumes of phosphate buffer (0.01 M, pH 6.5) and disrupted by sonic treatment in a 10-kc Raytheon Sonic Oscillator for 10 min. The sonic-treated material was centrifuged at 4 C for 30 min at 14,500 X g. The supernatant fluid was stored at -10 C until used. No loss in GDH activity was observed for periods up to 30 days. Glutamate oxidation. Rapid oxidation of glutamate by washed cells of M. tuberculosis, and M. smegmatis grown in complete Sauton's medium was preceded by a relatively long lag (Fig. 1) . The increase in rate of glutamate oxidation was not attributable to an increase in cell mass or numbers. Substitution of sodium glutamate (4 mg/ml) for asparagine in Sauton's complete medium eliminated the time lag in oxidation observed with washed cells of these strains of mycobacteria. (This medium will hereafter be referred to as Sauton's modified medium.) This (Fig. 2) . In previous experiments, we had found that the addition of yeast extract (0.6 mg/ml) to the induction system increased the rate of glutamate oxidation by the noninduced cells but did not reduce the lag period. We were able to duplicate the effect of yeast extract by adding NADP to the system. Direct evidence for glutamate utilization was obtained by enzymatic determination of residual glutamate after a period of oxidation (see Materials and Methods). Of 16 Mtmoles per mg of cell protein initially added, induced cells of M. smegmatis utilized 10.4 to 13.1 ,moles in the presence or absence of Mg++ and glycerol. Noninduced cells utilized 9.6 ,umoles of glutamate in the presence of Mg++ and glycerol, but only 3.7 ,umoles in phosphate buffer. Thus, significant glutamate utilization by noninduced cells depended upon the same conditions which enhanced induction of glutamate oxidation.
The effect of chloramphenicol on the induction of glutamate oxidation was investigated. The drug was added to washed cells which had been grown with or without glutamate. Glutamate was added to each system, and the oxygen uptake of the cells was measured. Figure 3B shows that chloramphenicol inhibited the induction of glutamate oxidation by noninduced washed cells of M. smegmatis. This drug had no effect on the oxida- Glutamate uptake. The kinetics of labeledglutamate uptake by induced and noninduced washed cells of M. smegmatis were compared. The data are shown in Fig. 5 . The initial rate of uptake of 2 X 10-6 M glutamate by induced cells was rapid (Fig. 5A) . The initial rate and the total uptake by the noninduced cells were much less. At this low concentration, the uptake of glutamate by the noninduced cells continued at a slow rate over a 10-min period. Uptake by the induced cells at 2 x 103 M glutamate was approximately six times greater than that of the noninduced cells after 15 min of incubation (Fig. SB) . At the higher concentrations of glutamate, net uptake by the noninduced cells plateaued at 50 m,umoles per mg of protein. On the other hand, the steady-state internal concentration was not reached by induced cells after 15 min; uptake continued throughout the incubation period, exceeding 300 m,umoles per mg of protein.
At 2 x 10-6 M glutamate, nearly all of the label was recovered from the amino acid pool of both the induced and noninduced cells (Fig. 5A) If the induction of glutamate oxidation is related to the induction of a glutamate transport system, then the kinetics of uptake of glutamate should reflect the observed appearance of oxygen uptake due to glutamate. The data in Fig. 6 show that the total uptake of "4C-labeled glutamate remains at a low level initially. A large uptake of 4C-labeled glutamate just precedes glutamatestimulated oxygen uptake in both M. smegmatis and M. tuberculosis.
Since it was shown that chloramphenicol inhibited the induction of glutamate oxidation by noninduced washed cells of these mycobacteria (Fig. 3) , we studied its effect on the induction of glutamate uptake by similar cell preparations.
The time course of induction of the glutamate uptake system in M. smegmatis was determined z 80 (A)M.Tuberculosis directly. Noninduced cells were exposed to glutamate, and samples were withdrawn at various times. These samples were washed and exposed to 2 x 10-6 M 14C-labeled glutamate for 2 min as an assay for glutamate uptake. The data graphed in Fig. 7 show that the glutamate uptake system was induced after a period of exposure to glutamate. Also, as shown in the same figure, chloramphenicol (25 ,g/ml) prevented induction of glutamate uptake. The velocity of uptake by induced and noninduced washed cells was examined over a concentration range of 2 X 10-v to 2 x 10-3 M glutamate (Fig. 8) . The velocity of uptake by the induced cells was significantly greater than that of the noninduced cells and reached a maximum at a substrate concentration of 104 to 103 M.
The effect of glycerol and 2,4-dinitrophenol on glutamate uptake was examined. The addition of glycerol and Mg++ stimulated glutamate uptake 30% over that seen with control cells (Fig. 9 ). Dinitrophenol caused a 77% inhibition in glutamate uptake over that observed with glycerol and Mg++. Although not shown, we found that uptake of glutamate by the induced cells was temperature-dependent. There was no significant . Glutamate uptake and oxidation by noninduced washed cells of mycobacteria. Graph A: uptake (X). Washed cells (2.45 mg ofprotein per ml) were suspended in GMP buffer, pH 6.5. "4C-labeled glutamate was added to 2 X 10-3 M (2.5 X 104 counts per min per ,umole). Oxidation (0) . The main compartment of the Warburg vessel contained washed cells (0.7 mg ofprotein) suspended in GMP buffer, pH 6.5, to a total volume of 2.5 ml. A 50-,umole amount of sodium glutamate contained in 0.5 ml of phosphate buffer was added from the side arm after temperature equilibration to 37 C. Graph B: uptake (X). System as outlinedfor Graph A, with the exception that the protein concentration of washed cell suspension was 0.9 mg/ml. Oxidation (-). System as outlined for Graph A with the exception that the protein concentration of the washed cell suspension was 0.9 mg. Uptake recorded in Graph A and B was measured at 20 C in a rotary water bath. Samples were removed at intervals, filtered, washed, and counted. Glutamic dehydrogenase (GDH) is a key metabolic enzyme involved in glutamate metabolism. Extracts of cells grown in glutamate revealed only a slightly higher level of GDH activity than that found in the noninduced cells. The induction of this enzyme would not account for the induced system reported here. It was then reasoned that perhaps glutamate enters the cell via a specific transport system and that the induced glutamate oxidation pattern observed was in reality a result of the induction of a glutamate transport system.
It was shown that the rate of glutamate uptake by glutamate-grown cells is significantly greater than that observed with noninduced cells (Fig.  5) . Furthermore, at a concentration of 2 x 10-6 M glutamate, 50% of the substrate was taken up by the induced cells within 2 min, whereas very small quantities of substrate continued to enter the noninduced cells after 10 min of incubation. An examination of the amino acid pools of the induced and noninduced cells after 60 min of uptake revealed an insignificant incorporation of "IC into other amino acids or protein. Approximately three times more labeled glutamate was recovered from the pools of the induced cells than that from the noninduced cells. Were a metabolic system induced, a larger distribution of 'IC into other amino acids or protein components might be expected.
The uptake pattern of labeled glutamate by the noninduced cels suggests the induction of a glutamate transport system (Fig. 7) . Chloramphenicol prevented the induction of glutamate transport. This antibiotic had no effect on glutamate uptake by induced cells. Thus, the induction of the glutamate transport system is related to the induction of glutamate oxidation. The immediate oxidation of glutamate by washed cells of M. tuberculosis and M. smegmatis from the glutamate medium and the induced-type oxidation of this substrate by noninduced washed cells are explained. A comparison of oxidation and uptake of glutamate by noninduced and induced cells of M. tuberculosis and M. smegmatis shows that oxidation by the noninduced cells paralleled uptake (Fig. 6) .
The effect of external glutamate concentration on the initial velocity of glutamate transport shown in Fig. 8 revealed usual kinetics. The same pattern was observed in both induced and noninduced cells. Britten and McClure (3) studied the amino acid pool of Escherichia coli. A log-log plot of the initial rate of incorporation of proline in E. coli, as a function of external proline concentration, shows that saturation occurred between 10-1 and 1o4 M. Our studies with induced cells of M. smegmatis revealed glutamate saturation between 10-4 and 10-3 M external glutamate.
As is characteristic of active transport systems in general, uptake of glutamate by the induced ceUs is energy-and temperature-dependent.
The presence of specific permeation systems in cell membranes of bacteria is well documented (4, 9, 16) . Though the induction of specific permeases has been reported for carbohydrates (9) , there is little information on the induction of permeases for amino acids. Ames (1) reported the presence of highly specific amino acid permeases in Salmonella typhimurium. Boezi and DeMoss (2) reported the induction of a tryptophan permease system in a tryptophan-requiring mutant of E. coli. References to induced amino acid permease systems in mycobacteria were not found.
